Leaves of common sage (Salvia officinalis) accumulate monoterpenes in glandular trichomes at levels exceeding 15 milligrams per gram fresh weight at maturity, whereas sage cells in suspension culture did not accumulate detectable levels of monoterpenes (<0.3 nanograms per gram fresh weight) at any stage of the growth cycle, even in the presence of a polystyrene resin trap. Monoterpene biosynthesis from [U-14C]sucrose was also virtually undetectable in this cell culture system. In vitro assay of each of the enzymes required for the sequential conversion of the ubiquitous isoprenoid precursor geranyl pyrophosphate to (+)-camphor (a major monoterpene product of sage) in soluble extracts of the cells revealed the presence of activity sufficient to produce (+)-camphor at a readily detectable level (>0.3 micrograms per gram fresh weight) at the late log phase of growth. Other monoterpene synthetic enzymes were present as well. In vivo measurement of the ability to catabolize (+)-camphor in these cells indicated that degradative capability exceeded biosynthetic capacity by at least 1000-fold. Therefore, the lack of monoterpene accumulation in undifferentiated sage cultures could be attributed to a low level of biosynthetic activity (relative to the intact plant) coupled to a pronounced capacity for monoterpene catabolism.
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The accumulation of terpenoid natural products in plant cell cultures has been successfully demonstrated in the cases of diterpenoids and sesquiterpenoids, but rarely in the case of monoterpenes. Thus, there are reports of the production of diterpenoid substances in culture at levels exceeding those of the intact plant (42, 43) and the induced accumulation of sesquiterpene phytoalexins in culture is well documented (12, 13, 16) , whereas most accounts ofmonoterpene accumulation in cell culture systems (1, 17, 44) describe either very low levels of production or compositional patterns that differ markedly from those of the intact plant.
Monoterpenes in intact plants usually accumulate in the extracellular storage spaces of specialized secretory structures, such as glandular trichomes, resin ducts, or resin cavities (35) , ' Research supported in part by U.S. Department of Energy grant DE-FG06-88ER13869 and by Project 0268 from the Agricultural Research Center, Washington State University, Pullman, WA 99164. and considerable evidence indicates that these secretory structures are the primary, if not the exclusive, sites of monoterpene biosynthesis (21, 41, 49) . It might seem then that monoterpenes are unlikely to be produced in cell culture systems in the absence of such organized structures. In fact, undifferentiated callus of Mentha piperita (peppermint) showed no trace of monoterpene accumulation (6) , whereas M. piperita callus with adventitious shoots, containing leaflets with glandular trichomes, produced significant quantities of monoterpenes (10, 1 1). However, differentiation to the level of glandular trichomes is not always a precondition for monoterpene accumulation in cell culture (17) , indicating that, at least under some conditions, monoterpene biosynthesis is possible in less organized systems.
At a fundamental level, the general absence ofmonoterpene accumulation in undifferentiated cultures could be due to the lack of significant biosynthetic activity or to the presence of efficient catabolic processes. De novo monoterpene biosynthesis, as distinct from monoterpene accumulation (1, 17, 44) or the biotransformation of exogenous monoterpenes (19) , has rarely been directly measured (5) . Several investigators (2) (3) (4) 34) have demonstrated the conversion of labeled mevalonic acid to more advanced precursors, such as dimethylallyl, geranyl, and farnesyl pyrophosphate, in cell-free extracts from cultures of diverse essential oil species, but it is not possible to determine with certainty whether these metabolites represent intermediates in the biosynthesis of monoterpenes or in the formation of higher products such as phytosterols. By contrast, the efficient biotransformation of exogenous monoterpenes in cell culture ( 19) implies that at least portions of monoterpene metabolic pathways may be widely present in these systems. The ability ofplant cell cultures to catabolize added monoterpenes (1, 7, 15, 20) suggests that degradative capability may be critically important in avoiding the toxic effects of these compounds on the growth and viability of cells in culture ( 14) .
In this paper, we describe the metabolism of (+)-camphor and other monoterpenes in cell cultures of common sage well known ( Fig. 1) (28, 31 '32) . Additionally, the early steps in the catabolism of camphor, via 1,2-campholide and the corresponding glucoside-glucose ester ( Fig. 1) , in S. officinalis leaves have been documented (25, 26) . In the present work, the virtual absence of monoterpene accumulation in S. officinalis cell suspension cultures was shown to result from a low level of biosynthetic activity coupled to a pronounced ability to catabolize these compounds.
MATERIALS AND METHODS
Plant Materials, Substrates, and Reagents Leaves of common sage (Salvia officinalis L.) were surface sterilized by soaking in 2% aqueous NaOCl containing 0.02% Tween 20 for 10 min followed by rinsing with sterile, distilled water. Discs (5 mm diameter) cut from the sterilized leaves were placed on Murashige-Skoog medium (45) (26, 28, 32) . [1-3H] Geraniol and [1-3H] geranyl pyrophosphate (100 Ci/mol) were prepared by standard procedures (31) . Tritium-labeled monoterpene olefins were obtained by incubating cell-free extracts from sage leaves with [1-3H]geranyl pyrophosphate as previously described (37 frozen before further analysis. After thawing, the resin was separated from the cells as before and washed with two 3 mL portions of pentane which were passed over a short column of silica gel (type 60A, Mallinckrodt), overlaid with anhydrous Na2SO4, to collect the monoterpene olefins. To obtain the oxygenated monoterpenes, the resin was washed two more times with 3 mL portions of ether and this extract was passed over the same silica gel column. The extracts containing the monoterpene olefins and the oxygenated monoterpenes were concentrated to 1 mL, and an internal standard (25 nmol of menthone) was added to each in preparation for capillary GLC analysis.
Accumulation of Monoterpene Glycosides in Culture
A 50 mL suspension culture in late stationary phase was used in this experiment. Cells (-10 g) were separated from the medium and homogenized with a Ten-Broeck homogenizer in 40 mL methanol containing 0.5 g NaHCO3, 8 mmol glucono-.-lactone to inhibit endogenous glucosidase activity (7) , and 100 jg [3-3H]menthol glucoside (27, 47) as an internal standard. After homogenization, the extract was centrifuged at 27,000g for 30 min, and the supernatant combined with the medium and extracted with pentane:ether (2:1). The organic extract was concentrated under vacuum, lyophilized to near dryness, and then loaded onto a 12 x 100 mm column of Davisil RP-18 (Alltech Associates) equilibrated with distilled water. The column was washed with 200 mL of distilled water, and the glycosides eluted with 200 mL of methanol. The methanol eluate was concentrated to dryness and then hydrolyzed sequentially with almond ,B-glucosidase (in 100 mM acetate-Tris, pH 5.0) and porcine esterase (same buffer, adjusted to pH 8.0) using several portions of fresh enzyme over the course of 3 d to ensure complete hydrolysis (48 washed with 500 mL water to afford an aqueous methanolic fraction. An aliquot of this material was taken for determination of radioactivity and the remainder combined with the original medium for the analysis of glycosides and esters by enzymatic hydrolysis as described above. The products liberated by hydrolysis were extracted into ether as before and analyzed by TLC and radio-GLC. A portion of this material was also methylated with 14% BF3 in methanol for the analysis of campholenic acids (as methyl esters) by radio-GLC.
The chloroform phase of the cell extract was evaporated to dryness and the residue saponified in 40 mL of 0.15 N KOH in 15% aqueous methanol on a steam bath for 1 h. The reaction mixture was cooled on ice and extracted with three 50 mL portions of diethyl ether to remove nonsaponifiable lipids (primarily phytosterols). The aqueous phase was acidified (to pH 1.0) and extracted with ether to provide the saponifiable lipids (fatty acids) which were methylated with 14% BF3-MeOH as before. The '4C-content ofthe saponifiable and nonsaponifiable lipids was determined by scintillation spectrometry.
Analytical Procedures
TLC was performed on 1 mm layers of silica gel G. in the absence of the resin. Solvent extraction of the resin recovered 85% of the geraniol added to the culture without cells (with negligible levels in the medium), whereas only 15% of this monoterpene was recovered from the resin in the culture with cells (with 10% of the initial radioactivity recovered in the medium; most of which was not extractable in organic solvent). This result suggests that the cells played a role in the disappearance of geraniol, possibly by transformation to more volatile substances, or to water-soluble materials. Evidence indicates that plant cells in culture secrete into the medium high levels of hydrolytic and oxidative enzymes which are capable of degrading primary and secondary metabolites (51) . The recovery of labeled monoterpene olefins (a mixture of a-pinene, f-pinene, camphene, myrcene, limonene, and sabinene) from the culture without cells was 64% (most was bound to the XAD resin with negligible amounts remaining in the medium), whereas in the presence of cells, 58% of the olefins were recovered from the XAD resin (with 10% of the initial radioactivity remaining in the medium, most of which was extractable in organic solvent).
The apparent lack of metabolic transformation of the olefins may be a consequence ofthe fact that these compounds, being more hydrophobic than geraniol, are more favorably partitioned into the polystyrene resin, and are therefore less accessible to degradative enzymes. In general, the lower recovery of monoterpene olefins compared to geraniol in the cultures without cells may be attributed to the higher volatility of these compounds relative to geraniol. For the purpose of evaluating the production of monoterpenes in sage cultures, these data allow prediction that, in the presence of XAD resin, approximately 85% of the geraniol (and other oxygenated monoterpenes) and roughly 65% of the monoterpene olefins synthesized in the culture can in theory be recovered, in the absence of cellular catabolism.
With the anticipated recoveries as a guide, suspension cultures containing XAD resin were harvested periodically throughout a growth cycle of 21 d and examined for the presence of endogenous monoterpenes by capillary-GLC analysis of pentane:ether extracts of the resin trap. No measurable amounts of monoterpenes were found at any day in the growth cycle. The use of internal standards showed that the limits of detection were 3 ng of monoterpene product per 50 mL culture. If cultures were synthesizing monoterpenes at a level comparable to that of leaves on the intact plant, approximately 150 mg of product would be expected to accumulate per 50 mL culture, given that the monoterpene content of sage leaves on a fresh weight basis is usually 1.5% (29) and that stationary phase cultures had a wet weight of about 10 g. An examination of glycosidically-bound or esterified monoterpenes also failed to detect accumulation at greater than 35 Ag per culture, which was the limit ofdetection of this method based on enzymatic hydrolysis.
Monoterpene Biosynthetic Capacity in Culture: Synthesis from [U-14C]Sucrose
Despite the negligible recovery of monoterpenes from sage cell cultures, the fact that cells could degrade a significant proportion of added monoterpenes suggested that the biosynthesis of these products might take place without net accumulation. A culture was therefore supplied with 0.45 ,uCi of [U-'4C]sucrose (700 pmol) during the period of peak monoterpene biosynthetic activity in early stationary phase (as determined by in vitro assay; see below). The production of labeled camphor was examined since this monoterpene ketone is one of the principal products of the intact plant (31) . Because of the potential for monoterpene degradation in culture, unlabeled camphor (1.2 mg) was also added in an attempt to trap the labeled biosynthetic product. No XAD resin was employed in this experiment. After a 13 h incubation period, which straddled the peak of biosynthetic activity, 74% of the unlabeled camphor was recovered, but radio-TLC analysis showed only 62 pCi (-0. 1 pmol, based on the specific activity of the starting material) of labeled camphor to be present. Although the results of this experiment suggest that the level of camphor biosynthetic activity in vivo is extremely low, a higher rate of camphor biosynthesis might have been obscured either by dilution ofthe precursor (since it is unlikely that unlabeled sucrose originally present in the medium had been fully depleted) or by very rapid catabolism of the monoterpene product (since exogenously applied camphor may not have fully equilibrated with that generated endogenously).
Monoterpene Biosynthetic Capacity in Culture: In Vitro Measurement of Enzyme Activities
In an attempt to determine if monoterpene biosynthesis was occurring at a significant rate in cultured cells, the activities of several enzymes of monoterpene biosynthesis were measured, including all of those required for the formation of camphor from the ubiquitous precursor geranyl pyrophosphate (28, 31, 32) (Fig. 1) . Cell-free extracts were prepared from cultures at several points in the growth cycle, and the ability to cyclize geranyl pyrophosphate to monoterpene olefins, 1,8-cineole, and bornyl pyrophosphate (Fig. 1) was as- sayed. The cyclization of geranyl pyrophosphate represents the first committed reaction leading to monoterpenes, and this enzymatic transformation is considered to be a regulatory step in monoterpene biosynthesis (22, 39) . Figure 2A depicts the growth of sage suspension cultures over a 2 l-d period as measured by the packed cell volume ofthe entire culture after a low speed centrifugation. This overall pattern of growth was confirmed by both fresh weight and dry weight measurements of the cultures made at the same time points. The stationary phase, which is often found to be the stage during which the most active synthesis of secondary metabolites occurs in cell culture (1, 18, 43, 50) , is reached at d 13. The time courses of enzyme activity are illustrated in Figure 2 for monoterpene olefin cyclases (38), 1,8-cineole cyclase (30) , and bornyl pyrophosphate cyclase (31) . Cyclase activity of all types was virtually absent throughout most of the cell culture growth cycle, except for a brief period (48 h) near the beginning of stationary phase at which time these enzymes showed a pronounced increase in activity (on either a per culture or per g fresh weight basis). The maximum activity observed for each of these cyclases was considerably lower than that noted in intact plant tissue. For example, bornyl pyrophosphate cyclase, which had the highest activity noted for any cyclase in sage cultures, registered a peak activity of 13 fmol/s per g fresh weight of cells, approximately 5% of the level noted for young, expanding sage leaves (33, 40).
Radio-GLC analysis of the products generated by the monoterpene olefin cyclases indicated the presence of ,3-pinene (50%), myrcene (36%), and terpinolene (13%). The appearance of a measurable quantity of terpinolene is surprising, considering that this olefin is normally a trace component of the olefin mixture produced by the intact plant. Sabinene, camphene, and a-pinene, which are normal components of sage essential oil (38), were not detected. This distribution of olefinic products underscores a phenomenon previously observed in cell cultures of monoterpene producing species: most cultures do not synthesize the same mixture of monoterpenes as that found in the intact plant ( 18, 46, 52) .
Activities of the subsequent steps in the biosynthesis of camphor following formation of bornyl pyrophosphate (Fig.  1) were also examined by in vitro assay. Bornyl pyrophosphate phosphohydrolase activity (the summation of two hydrolase activities leading to borneol (32]) was consistently higher than cyclase activity throughout the growth curve. This enzyme activity peaks at a maximum of 140 pmol/s per culture at d 13, corresponding to a level of 14 pmol/s per g fresh weight, which is about the same as that observed in extracts of the intact plant (32, 33). Borneol dehydrogenase catalyzes the final step of camphor biosynthesis (Fig. 1) , and the activity of this enzyme peaks at nearly 6 pmol/s per culture at d 13, corresponding to a level of 0.6 pmol/s per g fresh weight, which is about half the level of the intact plant (28, 33) . The maximum activity per culture of the dehydrogenase coincides with that of the bornyl pyrophosphate cyclase and bornyl pyrophosphate hydrolases. Since the dehydrogenase and phosphohydrolases are present at all stages ofculture development, plots of activity on a per g fresh weight basis exhibit less variation than do plots on a per culture basis. Nevertheless, a peak of activity per g was also noted in both cases at d 13 (i.e., the period when the cyclases are present).
It is interesting that all of the enzymes of monoterpene biosynthesis studied in sage cells exhibit a coordinately regulated burst of activity in the culture near the end of the logarithmic phase of growth and the beginning of stationary phase. This pattern is frequently observed in enzymological studies of natural product metabolism in cell culture and is believed to be a function of the depletion of some essential nutrient from the culture medium (1, 17, 44 (Fig.  1) , has been described in the intact sage plant (25, 26 There are significant differences between the pathway of camphor degradation previously demonstrated in the intact plant and that in cell culture. As mentioned, 1,2-campholide was not detected in culture, nor was the corresponding glucoside-glucose ester. Since sucrose in the medium is nearly depleted at this point of the growth cycle, degradation of the applied camphor may not necessarily proceed through glycosylated intermediates as in the intact plant. The glucosideglucose ester serves as a phloem transport derivative between the site of monoterpene accumulation in leaves and the site of catabolism in the roots (25, 26) . Transport to a remote site for catabolism seems unnecessary in culture, and it appears that camphor may be degraded directly (probably via 1,2-campholide to accomplish ring cleavage) to basic metabolites without the intermediacy of glycoconjugates. In the intact plant, the ultimate products of camphor degradation are acyl and isoprenoid lipids (25) . The lack of significant labeling of these compounds in culture likely indicates that these stationary phase cells are using camphor as a source of energy rather than as a carbon source for synthesis of new membrane constituents.
CONCLUSION
In this investigation, we have shown that undifferentiated cell suspension cultures of sage exhibit no measurable accumulation of either free monoterpenes or conjugated forms. In theory, the lack of observable accumulation and the low apparent rate of monoterpene production from [U-'4C]sucrose could be due either to the absence of significant biosynthetic activity or to the presence of efficient catabolic processes. Studies with cell-free extracts of cultures indicated that several enzymes of monoterpene biosynthesis are present at activity levels comparable to those measured in the intact plant, although the cyclases, which are often thought to catalyze the rate-limiting step of the pathway (22, 33, 39) , are present at significantly lower levels than those in the intact plant. Nevertheless, sufficient amounts of enzyme activity appear to be present in culture to produce readily detectable levels of monoterpenes. The lack of observable accumulation thus indicates that these suspension cultures must readily degrade monoterpenes, and the efficient degradation of exogenous camphor to water-soluble metabolites was, in fact, demonstrated. Catabolism of exogenous monoterpenes has been shown in cell cultures of a variety of other species (7, 15, 20) .
Undifferentiated cell cultures lack organized structures for the extracellular storage of monoterpenes, such as resin ducts or the subcuticular space of glandular trichomes. Monoter-penes that are secreted into the medium would appear to be much more susceptible to enzymatic degradation than those sequestered in extracellular compartments since, in culture, plant cells typically excrete large amounts of hydrolytic and oxidative enzymes into the medium (51) . If cells are unable to store monoterpenes in discrete structures, both extra-and intracellular degradation may, in fact, be critically important in order to avoid the toxic effects of monoterpenes on growth and viability (14, 36) . In intact sage plants, catabolism has been shown to represent a mechanism for the salvage of carbon from monoterpene defense compounds in older leaves (23) . In culture, catabolism may result from the need to detoxify monoterpenes and provide substrate for cell growth, or could simply be a consequence of the greater accessibility of monoterpenes to catabolic enzymes in undifferentiated cells.
